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Abstract
The production of nal states involving one or more energetic photons from e
+
e
 
collisions
at high energies is studied using data collected by the ALEPH detector at LEP. The data
consist of two samples of 2:9 pb
 1
each, recorded at centre-of-mass energies of 130GeV and
136GeV. The data are in agreement with the predictions of the Standard Model. From an
analysis of two-photon nal states new limits are placed on the parameters of models involving
e
+
e
 
 contact interactions and excited electrons. The 95% condence level lower limits on
the QED cut-o parameters 
+
and 
 
are found to be 169 and 132GeV respectively.
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1 Introduction
The annihilation of electrons and positrons into nal states in which the only observable particles
are energetic photons is well understood within the framework of the Standard Model. Such
nal states are therefore well suited to the search for new physics. Events with a single isolated
photon are expected to be produced predominantly via initial state radiation accompanied by the
production of a Z boson, which subsequently decays via Z! . Such events together with new
physics processes which would give rise to energetic single photons [1, 2] have been studied at
energies around the Z peak [3] and around 130 GeV [4, 5]. Events with two (or more) energetic
photons are expected to be produced via t channel electron exchange. Previous studies of these
events, at centre-of-mass energies around the Z peak [6, 7, 8] and around 130 GeV [5, 9], have found
results in agreement with the predictions of QED. Deviations from the expected QED dierential
cross section for the production of two photons could be evidence for new physics due to, for
example, e
+
e
 
 \contact interactions" [8, 10, 11] or excited electrons.
This letter is based on data collected in a short run of LEP in 1995 at centre-of-mass energies of
130 and 136GeV. Although the integrated luminosity is rather limited (2:9 pb
 1
at each energy) it
is worthwhile examining the data sample for deviations from QED as this is the rst opportunity
to study e
+
e
 
collisions at centre-of-mass energies signicantly above the Z mass. Also, limits on
cut-o parameters for contact interactions improve with the centre-of-mass energy to the power
three-quarters but only with the eighth root of the integrated luminosity.
2 The ALEPH detector and photon identication
The ALEPH detector is described in detail elsewhere [12]. The analysis presented here
depends largely on the performance of the electromagnetic calorimeter (ECAL). The luminosity
calorimeters (LCAL and SICAL), together with the hadron calorimeter (HCAL), were used mainly
to veto events where photons are accompanied by other energetic particles. The tracking system,
composed of a silicon vertex detector, wire drift chamber, and time projection chamber, was used
to provide ecient (> 99:9%) tracking of charged particles in the angular range j cos j < 0:96.
The ECAL is a lead/wire-plane sampling calorimeter. It consists of 36 modules, twelve in the
barrel and twelve in each endcap, which provide coverage in the angular range j cos j < 0:98.
Inter-module gaps reduce this solid angle coverage by 2% in the barrel and 6% in the endcaps.
The total thickness of the ECAL is 22 radiation lengths at normal incidence. The longitudinal
sampling consists of 45 layers of lead, 2mm thick in the rst 13 radiation lengths (33 layers)
and 4mm thick in the remainder (12 layers). Anode wire signals, sampled every 512 ns during
their rise time, provide a measurement by the ECAL of the interaction time t
0
of the particles
relative to the beam crossing with a resolution better than 15 ns. Cathode pads associated with
each layer of the wire chambers are connected to form projective \towers", each subtending
approximately 0:9

0:9

, which are oriented towards the interaction point. Each tower is read out
in three segments in depth of four, nine and nine radiation lengths. The high granularity of the
calorimeter provides for excellent identication of photons and electrons. The energy calibration
of each module is determined from Bhabha events. The energy resolution is measured to be
E=E = 0:18=
p
E + 0:009 (E in GeV) [13].
Photon candidates were identied using an algorithm [13] which performs a topological
search for localised energy depositions within clusters (groups of neighboring ECAL towers with
signicant energy deposition). These localised energy depositions are required to have a transverse
1
and longitudinal prole consistent with that of an electromagnetic shower. Photon candidates may
also be identied if they convert producing an electron-positron pair. Only one such converted
photon was allowed per event. Furthermore, events which had charged tracks not associated with
an identied pair conversion were rejected. All photon candidates were required to have an energy
above 1GeV and lie within an angular acceptance of j cos j < 0:95: Cosmic ray background
together with detector noise (sparks and radioactive decays inside the calorimeter materials) were
further suppressed by requiring that the interaction time t
0
of the event be within 120 ns of the
beam crossing.
The trigger for events with isolated photons is based exclusively on the energy measured using
the wire planes of the ECAL. The eciency of this trigger has been studied with a sample of
hadronic events obtained using an independent trigger. For energies above 10GeV this trigger
has been found to be essentially 100% ecient. For this analysis the LCAL was used to provide
the luminosity measurement.
3 The process e
+
e
 
!  ()
Events where photons are produced accompanied by purely weakly interacting particles were
selected according to the following criteria. Each event was required to have at least one photon
candidate with an energy above 10GeV. To suppress cosmic ray background, further cuts were
applied to this tagging photon. The fraction of the ECAL cluster energy reconstructed in the four
towers nearest the cluster barycentre was required to be at least 0.7. The energy fractions in the
rst and second segments in depth must be less than 0.5 and 0.9 respectively. Backgrounds coming
from cosmic rays and beam related muons were also rejected by removing events with a penetrating
pattern in the HCAL/muon chambers. Radiative Bhabha events were rejected by requiring that
there be no energy deposition in the event above 1GeV which was not associated with a photon
candidate. The component of radiative Bhabha scattering where both the electron and positron
escape detection in the beam pipe was excluded by the eective transverse momentum cut on
the tagging photon of 3.2 GeV=c combined with the SICAL acceptance (down to 24:3mrad from
the beam axis). Events with two or more photons coming from the process e
+
e
 
! () were
removed as follows. Events with only two photons were required to have an acoplanarity of at
most 170

. Events with three or more photons were simply required to have at least 30GeV of
missing energy.
The eciency of the above selection criteria to select signal events with a single photon inside
the acceptance is estimated to be 85  1%. The ineciency arose mainly from the eect of
the inter-module gaps (5%) and the additional photon selection criteria applied to the tagging
photon (4%). The remaining sources of ineciencies were due to non-identied photon conversions
(2%) and the presence of additional photons, from the signal process, inside the acceptance
(4%). This estimation was obtained from a sample of events produced by the NUNUGG [14]
Monte Carlo generator which were subsequently passed through the full ALEPH simulation and
reconstruction programs. This generator gives a full treatment of hard photon emission to order

2
with exponentiation of the soft photon spectra. When the above selection criteria were applied
to the data sample, a total of 40 single-photon candidates were obtained: 23 from the 130GeV
data sample and 17 from the 136GeV data sample. No two-photon candidates were observed
compared with a Monte Carlo prediction of 2 events. No events were observed with three or more
photon candidates.
The invariant mass distribution of the system recoiling against the photon candidate, as shown
2
Figure 1: a) The invariant mass distribution of the system recoiling against the photon candidate
is shown for both data (with error bars) and Monte Carlo simulation (histogram). b) The
corresponding plot of the polar angle distribution of the photon candidate.
in Fig. 1a, clusters around the Z boson mass as expected from the Monte Carlo simulation. The
polar angle distribution of the selected events, shown in Fig. 1b, is also seen to agree with the
Standard Model prediction. In both gures the data from the 130GeV and 136GeV data samples
are shown together and are compared to suitably normalised samples of 130GeV and 136GeV
Monte Carlo.
The observed numbers of single-photon events were used to derive measurements of the cross
sections for the process e
+
e
 
! () inside the acceptance E > 10 GeV; j cos j < 0:95:
(e
+
e
 
! ()) = 9:6 2:0(stat:) 0:3(syst:) pb at 130 GeV
and
(e
+
e
 
! ()) = 7:2 1:7(stat:) 0:2(syst:) pb at 136 GeV:
These results are consistent with the Standard Model predictions, obtained using the NUNUGG
generator, of 10:7  0:2 pb at 130 GeV and 9:1 0:2 pb at 136 GeV.
The estimates of the systematic uncertainties in the above cross sections include contributions
from the sources listed in Table 1. The ability of the Monte Carlo to simulate the selection
eciency for energetic photons accurately was checked with a sample of Bhabha events selected
using only tracking and muon chamber information. The tracking information was masked from
these events and the photon reconstruction redone. The eciency to select a single \photon" in
these events was found to be consistent between data and Monte Carlo simulation at the 1% level.
The uncertainty in the number of simulated pair conversions is estimated to give a 0.3% change
3
Photon selection 1.0%
Converted photon selection 0.3%
Residual cosmic background 1.8%
Random vetoing 0.5%
Integrated luminosity 0.9%
Monte Carlo theoretical < 1:0%
Monte Carlo statistical 2.0%
Total (in quadrature) 2.9%
Table 1: Systematic uncertainties in the single-photon analysis.
in the overall eciency. An estimate of the background contribution coming from cosmic rays
and detector noise was obtained by selecting events slightly out of time with respect to the beam
crossing but which passed all other cuts. A total of two such events were observed inside a timing
window 120 ns < jt
0
j < 480 ns, which corresponds to an expectation of 0:7  0:5 events in the
selected data sample. An additional ineciency caused by detector and beam related noise was
measured from a sample of random triggers to be 2:3  0:3%. The cross sections quoted above are
corrected to take this eect into account. An uncertainty of 0.5% is assigned to this correction since
the rate of the random triggers did not follow the variations in luminosity observed during data
taking. A second independent Monte Carlo generator KORALZ [15], which produces an arbitrary
number of hard photons via exponentiation, gave a consistent (better than 1%) prediction for the
cross section.
4 The process e
+
e
 
! ()
4.1 Event selection
Each event was required to have at least two identied photons with an energy above 0:22 
p
s.
The angle between the two most energetic photons was required to be greater than 120

. The
above cuts resulted in the selection of 81 events, of which 10 contain a converted photon candidate.
The corresponding QED expectation based on the multi-photon generator GGG [16] is 102 events,
of which 8 are expected in the converted photon sample. The eciency of the above selection
criteria, for events generated inside the angular range j cos j < 0:95, was determined from the
above Monte Carlo sample to be 85%.
Within the selected sample, four events were found to have a third photon inside the angular
acceptance with an energy of at least 1GeV and separated from the rst two photons by at least 8

,
consistent with the Monte Carlo expectation of 5.5 events. The properties of these three-photon
events were studied and found to be consistent with Monte Carlo expectations. No events were
found in the data sample with four photons inside the acceptance, consistent with an expectation
of 0.3 events based on a Monte Carlo simulation using an order 
4
generator FGAM [17].
The only signicant background to the photonic nal state process is Bhabha scattering
accompanied by hard initial state radiation. Monte Carlo simulation of this process [18] shows
that only one such background event is expected in the data sample.
The lowest order Born cross section for electron-positron annihilation into two photons is given
4
Figure 2: Predicted and observed lowest-order dierential cross section as a function of cos 

for
the reaction e
+
e
 
! . The errors shown here are purely statistical.
by
 
d
d

!
Born
=

2
s
 
1 + cos
2

1   cos
2

!
;
where  is the angle of a photon with respect to the positron direction. The observed cross
section is modied by two eects; higher order processes, in particular initial state radiation,
and detector eects. Due to initial state radiation, the centre-of-mass frame of the two detected
photons is not necessarily at rest in the laboratory. The events were therefore transformed into
the two-photon rest frame to dene the production angle 

appropriately. The data were then
corrected, using fully simulated QED Monte Carlo events, to remove the eects of both residual
radiative corrections and detector ineciencies. The lowest order cross section was thus obtained,
and is plotted in Fig. 2 together with the corresponding prediction. Though there is a two standard
deviation decit in the total number of events, the general shape of the distribution is consistent
with QED expectations (
2
=NDF = 23=19).
At present integrated luminosities, statistical errors dominate over systematics in all
comparisons of the data with models. The sources of systematic uncertainty listed in Table 2
are, however, taken into account in all ts to the data. The uncertainty in selection eciency was
assessed by varying cuts according to the experimental calibration uncertainties. The Monte Carlo
contains contributions to order 
3
with both soft and hard photon emission. The eect of missing
higher orders is estimated to be < 0:6% [19] by comparing 
3
corrections to the lowest order
process. This was checked by measuring the number of four-photon events in the high statistics
data recorded at the Z peak. Added in quadrature, the total systematic uncertainty is 1:5%, and
this is treated as an uncertainty in the overall normalisation of the data.
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Photon selection 0:6%
Converted photon selection 0:3%
Integrated luminosity 0:9%
Monte Carlo statistical 0:8%
Monte Carlo theoretical < 0:6%
Total (in quadrature) 1:5%
Table 2: Systematic uncertainties in the two-photon analysis
4.2 Searches for Physics beyond the Standard Model
A deviation in the observed data from the predictions of quantum electrodynamics could be
evidence for physics beyond the Standard Model, such as eects due to contact interactions or the
exchange of an excited electron. Similarly, the lack of any observed deviation allows constraints to
be placed on the parameters of models for new physics. A number of such models are considered
below, all of which can be parameterised by the general equation
d
d

=
 
d
d

!
QED

1 + f(q
2
; )

;
where f is some function of q
2
, the momentum transfer squared and , a parameter of the model
depending on, for example, cut-o parameters or the mass of an excited electron. A t was then
performed of the experimental distribution in cos  to the prediction of each model, in order to
determine the 95% condence level limits on its parameter.
A log likelihood method was used to t the data, with the likelihood function L given by
L(;N) =
1
p
2N
exp
 
 
1
2

1 N
N

2
!
nbins
Y
i=1
P (
i
; 
i
(;N)) :
Here P(n; x) is the Poisson probability to observe n events from a distribution of mean x, 
i
is the observed number of events in a bin of cos , and 
i
is the model prediction. The relative
normalisation, N , was allowed to vary from its expected value of 1 with a standard deviation of
N , corresponding to the overall systematic uncertainty of 1.5%.
Deviations from QED are usually characterised by cut-o parameters 
+
and 
 
. The modied
QED dierential cross section is then generally expressed as
d
d

=
 
d
d

!
QED
 
1
s
2
2
4

(1  cos
2


)
!
:
The log likelihood t was performed with respect to 

, dened as 
 4

, and N . The 95%
condence level upper limits were obtained for 

by normalising the probability to the integral
over the physically allowed region of the parameters, i.e. 
+
> 0, 
 
< 0. The equivalent 95%
condence level lower limits on 

are given in Table 3, along with the tted value of  with its
one standard-deviation error. Fig. 3 shows the ratio of the observed cross section to that predicted
by QED, as a function of cos 

. Also indicated, as dotted lines, are the values which are obtained
for a modied cross section given by the 95% condence level limits on 
+
and 
 
.
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Figure 3: The ratio of the observed to predicted cross sections, for the process e
+
e
 
! (), as
a function of cos 

. Also shown are the 95% condence level limits on the QED cut-o model.
If two-electron, two-photon contact interactions exist, then the cross section for two-photon
production becomes
d
d

=
 
d
d

!
QED
+
 
d
d

!
contact
;
where the second term includes both the contact interactions themselves and their interference
term with QED (which is usually a larger eect). The exact form of the cross section depends on
the chirality of the electron current that can take part in the interaction, leading to the possibility
of left (L), right (R), L+R and L R amplitudes. The expressions for the cross sections are given
in [8] and [10].
A t was performed in exactly the same way as for the simple QED cut-o model, with  = 
 4
except in the L R case where the interference term vanishes and the lowest order dependence on
 is 
 8
. For this model, the t was performed in 
 8
, and the sensitivity is seen to be reduced.
The results are shown in Table 3. An alternative description of extensions to QED is provided by
considering non-standard eective Lagrangians containing operators of dimensions 6, 7 or 8 [20].
Making the same assumptions as the authors of Ref. [20] that  =
~
  
6
, 
S
= 
P
 
7
and 
A
 
8
, the above procedure yields the following 95% condence limits: 
6
> 676GeV,

7
> 396GeV and 
8
> 12:1GeV.
The reaction e
+
e
 
!  can also proceed via the exchange of an excited electron. The cross
section then depends on two parameters: the mass of the excited electron, M
e

, and the ee


coupling. The simplest gauge-invariant form [21] of the interaction (the Low Lagrangian) leads
to the dierential cross section given in [22]. In this case, the t was performed several times for
dierent xed values of M
e

with  = (=M
e

)
2
being the variable parameter of the t, and  the
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Model  
+
(GeV) 
 
(GeV)
QED cut-o ( 0:156  0:102)  10
 8
GeV
 4
169 132
L, R ( 0:367  0:269)  10
 8
GeV
 4
131 105
L + R ( 0:168  0:115)  10
 8
GeV
 4
163 129
L   R ( 0:397  0:324)  10
 16
GeV
 8
111  
Table 3: Results for QED cut-o parameters and contact term interactions. The tted parameter
is given with its standard deviation, while the values for 

are 95% condence level lower limits.
Figure 4: The 95% condence level lower limit on (=M
e

) (solid line) as a function of M
e

. Also
plotted (dotted line) is 1=M
e

, the intersection of the two lines giving the lower limit for the mass
of the e

if  = 1.
ratio of the ee to ee

 couplings. The results are shown in Fig. 4, where the 95% condence
level upper limit on (=M
e

) is plotted as a function of M
e

. Also plotted is the value of 1=M
e

,
and from the intersection point of the two lines it can be seen that the 95% condence level lower
limit on the mass of the excited electron is 136GeV=c
2
if it is assumed that  = 1. This result, and
similar ones obtained by the OPAL [5] and L3 [9] collaborations, are however less constraining for
the ee

 coupling than those derived from analyses of the ee nal state [4, 23] for values of M
e

up to almost the full centre-of-mass energy.
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5 Conclusions
Single and multi-photon production has been studied in the ALEPH data collected during the 1995
high energy run of LEP. The cross sections for single, double and triple photon production were
found to be compatible with the expectations of the Standard Model. No events were observed
with four or more energetic photons.
The data from the two-photon analysis have been used to place limits on the parameters of a
number of extensions to the Standard Model, notably the presence of e
+
e
 
 contact interactions
and the exchange of a massive excited electron in the t channel. The 95% condence level
lower limits on the QED cut-o parameters 
+
and 
 
were found to be 169 and 132GeV,
respectively. The eect of excited electron exchange depends on both the mass and coupling
constant. In the simplest case, an assumption that the ee

 coupling is equal to the ee coupling
yields a 95% condence lower limit to M
e

of 136GeV=c
2
. Contact term energy scale limits have
also been obtained for the simplest extension to QED, with various allowed chiralities of the
electron considered. In all cases, these limits obtained from the small amount of LEP high energy
running are already competitive with the earlier published results obtained with larger integrated
luminosities. The data from LEP II, where the energies and integrated luminosities will be higher
still, are eagerly awaited.
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